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Summary 

Although 4wma to fee unportam for memory 

f ormoden, it Is not known which of the taAforms of 
CR«, CREM. or ATF1 ar» wtpr»s»ed in the neurons 
fMt unde*^ long-term wnatptle changes and wtot 
rotes ttimy ha« in memory formation. We have found 
;l sm^kOtpfySf^ gena homotogeus to Mh 

busmmeHSn CREB and CREM and have chwactarto^ 
in fhe sensory neurons that mediate giU-wid^swal 
reflev d>e expr^celan and function of the three pro- 
teins thotit encodes: CREBIa, CBEB^b. ana CREBic 
i^raia is a ti«rtcnirtioiBl B<sdvator mar « IK* 
•aaary and- upon phosphoiylatkm, ttiffideirt for long- 
-term faciliUtlon. CREB1t> Is a reprossor of kwtsrm 
i^caaatlon. Cytoplasnrtc CREEIc nwhiates both the 
^rwt- and tun^t an nfa^itatton. Thus, in ihe sensory 
nmum CBCPJ encodes a critical regulatory unit 
eofw^tlng short- to long-t«im synaptic cnanges. 

hitroduction 

Both inv«ft«b«e and wertebrate nervous systems store 
iriformation for short- and kstig^term marnory 
Inn me strength of their synaptic cwmections (^^^ 
cSiififlridge, ISW: for re»Hew. saa Bailey at 199^^ 
Studtin in Apfra^. Dmsophila, and mtea auggfifii that 
ahort-^nn memory storage is accompamod by transient 
change In the snen^^h of synaptic cofuiecttonsoy co- 
valent morttJcadons of preexisting proteins. By contresi, 
long-wn memoiy storage is «ccon^>^*ied tjy endwi^ 
changes in synaptic stmngth Thai require both transcflp- 
tkm and* transWon of genes (Montaroto et at, 1980; 
Nguynn et al,, i99^ These persistent changes are, in 
acmuif casea, accompanied t>y growtt^ of new synaptic 
conne^ns (BaUey and Chen. t98a). 

In Apty^^ OrosophSa. and rodents, the conversion 
of shof^ to tong-tenn synaptic plasticity and memory 
formation roduires an increase in irtracdMar cAMP and 
recniltment of the cAMP-dependont protein lUnase A 
rpKA). m egWaryotlc ceUs, transcnptional regulfliton in 
- fcspc^ to CAMP is pr*marHy 

tionak acUvatDTS and repressors of the CREB/ATF arw 
. CREM families. Conslstont with aro^ 
ATF and CREM toniUes of transcription factors in the 
regulation of genes responsive to cAMP. calcium, or 



rMUfotrophtns, CRE Bee»u«ices ani often t<Hind in the = 

upstream regulatory regions of genes transcrlptranaBy ; 
•responsrve to these signaiing path ways (for review, see 

HabeneretaUideS). j 

The IniUaS mdeci^ chsraotatizaction of ttw ro te of 

cAMP.PKA, and CREB in syrwipdc plasticity caine from ! 

studto of iwysta where the syrwpse between the aer*- ; 

soryarKlinotorrieuronsoftheoilM«thdi«WBJr««eKcan ; 

bo reconstttuled In primary cell cimure. In response to ; 
one pulse of serotonin (5-MT>, a modulatory trarRjmittBr ; 

released by sensWratftm stimuli, this synapse vndar- ; 

goes cAMP-rnedialedsrioft-ttfcrmfaClHtation, whereas m : 

response to five puiws of 5-HT this synapse undergooa i 

long-tBmlfaciIitHtion.TrTe^^ng•termfacilfla^tenrequ^ i 

oanschption and translation and is selectively block^ = 

byir^ectlonofCHEatigonucleotWesimothenuclettSof ; 

the sensofy neurons (Dash et si-. 1990V Furthermore, | 

rvpeated pulses of S-HT wiU activate in those sensory • 

neuronsttCREBreponerQene(KoangataL,ig9^^^ : 

central role of CREB in long-tonn memory was furmer ; 

dsmonsvated in studies of olfactory memory m Oro- \ 
SOpfuia, In transgenic files, the Induced oxprescton of ■ 
a dCREB2b repressor selectwely blocked nansteEUon- j 

vmefy, overexpresaion of the dCREB2a activator far : 
cllitated menuwysoUiatataakthatnomiailyfeciu^ : 
multiple spaced training sessions was soquired in one • 

training trial (Yin et aL, lOW- Rna«^» nsco witti da^ j 
iupe*aexpiesaionofaand6iBaformsafCPWCHUwwn' j 
leretaui«94) also show impairment in Doih LIP and ^ 

Umg-tami mwnory (Bourtmitedw et dl^ 1 W4). 

Despite evidence thai CRE-btmfing protdns are im- \ 
portam components of a genera* switch thst cordis | 
sbort-temitDUmg-termsynaptufondbchavtor^ptf^ic^ i 

ity. It is not known wnich of the many CREB/ATF or j 
CRayipnsteinisotorms are in^lved in the specific cfiite | 

that stem particular ,foffl\s of ion^^term memory and i 
what role each of these ispfbmts hasin 
process. This lack of mfornwdon not only rediects to j 
difttcurtv in loealtangyu* studying the cnticaicetetl-^ 
participate in memory «fcon«e» but also the comploxMyf 
of CREB/ATF and CREM genOfi m higher eutearyotcs (iw I 
review* see Habener ee al., 1 995). in both mammils and I 
Dfoaaphila. CSEB mRNAs undergo extensive splicing; 
(Waeber et al„ 1991; Rupport Ct al^ 1992; T^^^l 
1995b). m addition w tne multiple isofonns o f ^7*^ ! 
there is at le^ an equal number of CREM isoforms| 
(Foulkes et ol. 1991: Molina a al., 1993). Ghwitt^ 
variety of CREB/ATF and CROfl isoterms and the poBS>-; 
Wmy of functional compensation bo^eeon themj^^ 
comes paiticularfy important to know ^wWtfi specdig 
iseforms am expressed and to doiermine 
any, each oi these isotcmns plays in the speafic oeii^ 

that participate in memory «mage* 

T6 examine the rde of CREB protein Bofo^ms in sjn^ 

apdc plasticity in mature Apfy^ sensory neumro. wj 
cicmed an Ap*y«ia CREBf gene that appemtn^ 

oivly member of the CREB, CREM, and AlT^ fi^^ 
genes expressed In >Wy«^a neurons, vve«ndtn«tthfe^ 
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CRSf Gal* «td Ammo Acid SeguMwot 
<he Apl^aiM CR£B1 Pra&aio tfiof firm 

from DNA ttqiwon* ApisfSta. Q^narm 
docM «nd CWCBIa and CMBf ^ eOMAS 
tnxYl » MOsmy naunKl CCNA tthtory, Btom 



t 



^ai 5' «M Of CfiCSfa cONA. TIkO Intnm 
bgui>d>ty^(gT and >N^»ao itt only pyit tal 
(nfron w qutw * and partw uiUfwwtafl a- 
«^ or eOMAB ai9 snown. m tiotti gr^1» 

^ cOMAl, M nmi AT6 is 
TQufMMd by Kocftk CKISOM^ (Koziik^ 1Mb) 
and TriT flT^Q***^ bs Uv* iimiiuifiMMi fitaiLflw 
rMmecdrta of ttw pfOdH» aaqii«w on die 

n «ndmfief»TathBCREDl»pwiain isotonw 
O0f p lliRJM « 9«Mfied by ■plffTnO'Oili 
of otxon (sttvted) Bid ovxwMa thA CREB1 c 
ml CREBlb DfOtain iaofefmfc Tlift C-<aimh 
niit ^ *rf c ta inpdioHiBd by tha mm- 
tMd. Th* ATG tof iiM diiunl r m ISS (refBmng 
CO CREBIa pioiein, bokO is also mir- 
reiMted by Ibo Kaai« Aaquenc* and b m» 
puiadvv initiBttoA COdort lo^ tha CR£dl b pn> 
loyt lafitafm transWM from tftt C«EBip 
mftK^L Tlia liu«i» i»>lduaa fonning tho »a»*- 
cioezlppaf m^ci^co. 
tBI gc f^ ywi***-- onantKatkvt of ttta ^^ofl^a 
CR£0>a and CI7£0Tp mftMAa. Eii ona^ Ku m- 

naa. Tb» eodlnfl rvQiana aM 

pt«f coding aaqtMRca ki CS^^c oonontfad 
by aKw i fci iNo spftang of CR^tp te topaA 

i>« opan ff^tftt fcama fcrindMdui* cnane 



isofomts Of CfiEOT play ■ distinct foto in ayr^ 
tkaty in ttwawiMwv C'^^^P™^ leanacti- 

v/atort(ktlBbothnocQ6saryand sufUctentfortong-Win 
fMtitaten, CR£»1 & to a rwreaaof of CRCBI a and long- 
temi ftftaBtattofw CREBl e te a cytoplaamte palypet«ido 
that mcdtilstBo both short-term and CREEna-mediated 
long-t«iiTn tadUbrtiaa 

CffFfff dene Encode* Throo Protmro Honiotogouft 
to Mamnialian CR^ and CREM 
Wo Clonal two mRNA9 ttxpfBSSod in Apiysta smsory 
neurons: Cf^la and CRGB7^- Tha ganomlc Boquance 
of ApfysiBCR^I Indicataattetthaaa two tranwnpte 
are g«4u*aiad by anamativis apnetng and that the 8fi 
nudaodda inaoitlon m CREBU oowaspomte to the 
50i|cod-m axon JV(Figun6i 1). The longftft open rwding 
fnime (QRF) in Iho C«»7a cONA ancodaa a CREBIa 

potypwbda of g71 ammo acida. which has aaquanoa 
homology to both mammalian CREB and CRai Pfoteina 

rpouikfts et Al^ Rupport «* ITOS)- The fimt 
ORF In tha OTOPtp niRNA encodai the QO-amino add 
CREBIc polyp^ttda in which lha C-tann<nal 1 2 ammo 
Botda are diffAant from CRfflla (Bguw i)- 

CRI£Dla ta aS% homolofloiw to msnmalian CREB 
and CRCM pmtaina in its O-tamiiral DMA bindina and 



dlmernatiDn domain (bZiP) and ite phoaphoiylatlor do- 
main (P txa^ Tha key regulatory phoephorytation con- 
Mnsus sites tn the P box (Gonzalaz et al^ 1089) aro 
coDGervad t>eh(»een Aplysia CR^a and mammaUan 
CREBs. Tha Sas (coneeponding to S133 In mammaOan 

CREB) arid the aurroundlng racoffiHion aoquancoe tor 
PKA. caMKf and RSK2 are also consefved. Intere9tingty» 
smilar to t^osaphUa dCREB2a (Yin ct al, 1995a), tha 
TBI pr«sen«lhaGSK3phoaphofylation«itP,hom^i^ 
goua to SI 29 in mammattan GR£Ba (FW at aJ., 
to convstft to OmaphMm dCRra2a and HyOra CREB 
(GalBot et att 199SI, the P bcm in ApiysiA CREBIa 
containa theCAMKtt phoaphoryiation alto S94, homolo- 
goua to S142 in mammah'an CREB (^n et aJ^ 1994; 

F^ura tA), 

In addition to baing homologoufi to mammalian CREB 

proteins. Apf^ CREBia is atoo ^^^S^HSfJ^J!^ 
maUan CREM protaina in 5ta P box <E92). bZJP domain 
(L21 $), and Other motifa (Tor exampto,«irono add* 5e-« 

and 204-^206, Rguia 1). HOfWewer, AP4^ CW^Bl flnve 
eoee not haw a aacond bZIP dOHMin, a fWttira typical 

foff CREM Sanaa. The Apdysfet CHEB^ flene mwd nke*y 
rasamblce ar» ewtmitionariiy oarly fomi of the ^jne thai 
duplicated in hitter auk^yotes to farm tha CRffl and 
Crayl Qonea. Conaiatent with tWa idea, CREBt ^jpaara 

to ha the onV CREB/CREM/ATF-I-Oke aeno In tpa 
Apt^ genome- We tailed to identity any additionel 
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or >47n U5in9 PCR aimiystoj^cf^^ otgcnj^ 
IrtcUbmnr. and Soumcm hkit hybrWtation ^ thfi 
C/)GBla cONA probe at low ctrtnocfvsy. 

nw CHCBIa inRMA enemies the CREBIa Acti«tor 
The CBfiBJft tnRNA enowle* a CREBIa PJ^*".*^ 

^ 40 KDa in aOS B0>» ("SU"* 3B ««* '^^^S*^ 
CBEB1 »famiB hoiiiodimem m me ywst w»-lwtrW^ 
to«v and aw-ORBBIa fusion P'^^iSJ!!!^^ 
iTmpre^recoirtiiiiant CREBta pwtem form* 

^Wia<B« ifWHtedion osay* in «=9 wile show that 
CWStTafWA encodes a P'<A-«««l»««*rt ^I!^^ 
tlonel actf^tor (RBtiw 2AV Similar to morwnaton CI«B 
ISins, toe mSn of S8S to A85 {S8SA mut«Tth^ 
SS5s to SI 33A in mammslian CPEB3)s|on««W a 

wS tho conservation of itie P box in CREBIa. 
J^omtrinw* CREBIa protein is a ^'^^^'^J^'^ 

STS). THUS. the>»pfi«?a CHEBf gone oneodes a 
niMein. CR»la. t»Wl is SiniClUWUy ana iwkiw-iww 

SSijSS. 5;e nu«uraiia» CREB tno«««^ 

-nw CflBBip mRNA Encode* the CREBIb 
OMcssoraKiCREBlePetyiMpllde 

TTTrCTweiiofaiconlVlntheCTfimpmRNAby 

thra apHcfeio geneiaws a framB shift, cfsatmg a new 
opan^hiQ tranws that adds la new amino aoj^fi^ 

by a tanninaaon eodon in «>«on V tFigiae tV 

OlEBIc does not contain a baP^*^"«V«G?^^^ 
nuclear tecali»a«on signal and is '-'f^fj* ^l^^*' 
forni dimem («tet« not shown). In 
assays ltL« celts. coeKpmsslen ^^fl^^lSI^ 
ZSSnii^ 1-300) does not affad CREBla^^e^Wd 
^^tW*nrti<>«- "» wanstected ceSa. CREBtc Is 
locali»eil>«domlnantly pwinodaariy «he wUi|*»ni 
'^^^;g3::^^CREB1ctoaa^^ 
yttfon ^ vitro by PKA and PKC on S85, but alttowflh 
S^^KH pnosphoiyiation 

CREBIo is intact CREBIc ia ""iP^^^^^SS^lf! 

CaM Kll in yitni (data not shown). The tani^^ 

rtina CREBIC aridsl2 new amino acids Jrfter TOTs^ 
* «iwvaa the S94 end S9S of CREBia P box. Intos^" 

^SrrmSm2iarc«EB.. tne S94 homotog 3i« is 
' r2f£i^S?f*CaMKil phoapr«ry«ation. which inhibrts 

CREBs«iwlty{Sun«taJ..19M). ^n^^.^rsm^i. 

CREBIb is t*anstetad from the second ORF tn OJSIP 
mRNA ffiauie 1 B) and is most UKaiy flewarated by inter- 
S!SS5^SLe*tion.put^««^ 
o CR«1a protein ««uence, B«tn* 1/*- The ^ b 
nrtrttaict 01 m vitro tranaWion of fuH-lengtti ChbB^P 
™m5a coirtgrale* In get with the proditft of tnmeat^ 

SsBl?S^ "-WA. CRffili* contains the c-ter- 
minal l«»ONA binding and cfimortxstfion d«>ni^f 
CREBIa but dooa not contain its P bwt or ae««awn 
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the CRSB^I^^^ 

™,„,altod tp p-nilMtnUrtiiwi aalvily Jfi ^ ^ 

SrS^s «rt C«aa,b «*- 1 

Wiy with in«-s«s anUhoOif. 

domains and is not phoephotyiated by PKA. CaWKM. or i 
PKC in vitro (data not ehown). ^ : 

OB wen as neiettidimare with CREBIa. both ot wteeti; 

bind to CRE in vitro (Rgure 2B). Transient transacj 

£i m Swite indicate 

, lepresaor of cflEBIa-mediatad 

ia^fection of CREBIb ORF frmcieotidBS 502-733); 

and CflfflT* cDNA indicates that C«aih reptesae^ 

CREBia-modlatea trtawactivation of tne Cl« reponei! 

(Pgure 2A). * 
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nawBS. ^^>Wa<•Sa^80ly^toul«Wi.WTW□AItlW«h^ 
Cff^ nrfWM. CRC»Ta am* CREBtP, Bn«d» Tbn» Pn«^K 
CF»1 b: CftEBI and C«6B1c: 

a«wt in wnsory nourwis, Th* wOfW Iah«ttd «fth 

V>-o«lte tfW P«*»~« '"^••^ ^?f?^ 



TTiM fCSUlte indicste thai two mRMAa traiwcrftied 
fmm tha C/?raf flene en eocte t hr>» iwio^tt. TTie 
Cll^a mlWA enccxlea tt» CREBi a iranacfipftlonal ^ 
tiyatiy. and the biwtrt^c Cfl^ 
QdcSttcmai CR6B1 cjofonna: the first ORF oncodes 
cn£Bl6 that tacks the bZSP domain and has a P box 
with iftoflifiBd kinasa affinity; the sacond ORF ertcodw 
CftEBIbr atraiwcftpiianal repressor. 

In^piyato Maurona. CREBia and CRSIti Arm 
Nuctoar ProMns and CREBic to Cyteplaamlc 
Wa noxt anatyzed whether both CRES7a and C^tStp 
mRMAa ai» expreseed in sensory nerunma. Using FTT- 
PCRwWiprimafadanvedfroinArt^CReBl axon 01 

and ejcon VI aoquencas, we found thai senaonf ""'"W 
OKpreaa both mRMAa- In spwery neiffons, the CREBtp 
inRNA b appniKimalely t^n times mciB ^uiidant than 

Cf^To, and ttia CPeBtp/CrtEBf ^ mRKA faSo do^ 
mrt change with one or fhte puJaea of 5-HT (Tiaura SA). 

Western bletlir»3ofextiactafrorrt.4p/i^si«a^ 
mna with affinlty-punfied anti-CRffl1 «rttit»cfie6 (Rl> 
ravaalad mree pcrfypaptides with apparent 
w<dahtec»nBgpond>nqtoCf^a,Cftgg1b. andC fCTc 

(Figure aq, Afflnity-purifjed antlbedtes af^mst the P 
hiwpaptide of CR6B1 a (1 aa well as antjjrf^^ 
box peptide anitbodies 095) reco»nte» ORE&la and 
^nEBIc proteins (l=<o»ife i3B), hi nuoiear extrecta from 
AoMA cenaoiy neuronal the ge^shift assay detacia 
three complBJrtrt hlnriind to the ORE oflgonudeooda 
mat are supareltifted by t^o anti-CREm a (m ) artftKW 
/Ftaw at>).T»iose data Indicate that the Apftwria sensory 
eMffona express all three CHEB1 laelDrmfi: CRESia 
CREBIb, andCRESIc 

W mod analyzad theai ib cs ii»te r torarrantw n cf c^«=pi 
pmtetn ieofomw m ilp^ neurons. In peittcular, we 
ware interested in the locnTaatton of CREBle, which 
tocitt a nuclear tPcafl»tion signal and iafeundpredtwnt* 
nantiy pertnudaarty In the cytoplasm of ttei^eirtfid F9 
cans (Rgure 20). Weetam tuots of nudear and 
otofimicfniot>onaot>>P»s<aneurtmepretaedwit^ 

CRgBi antibodies (R1) indicate that CREBic protein la 
cyloptasniic, whereas CRffilb and CREB1aa»e»wctoar 

pnitebwOnguie 3^- 

CRSIa ts Neceasaiy for Lon9-t«nn FaetOatien 
Tobtvestigatetheroleof CR^I intong-iermfrcaJtaiion, 
we fliet iniectad polyclonal anti-CREBI antttiody into 
the scnsoiy neurons prior to oKPoaing thecutowt to 
fmo puhsea of 5-HT. Whereas flve puleas nomi^ induce 

lona-wcrefacittladon, injection of anl»-CREB1 antibody 
1 hrbafb«tne*-HT«xposurecoimile*^bloc*edlon^ 
tartn facifflation (Figure h^ecUon of the same anti- 
tkody had no effect en ahort-tenn faciUtation or r 
syitapiie ttanarrtoion (Rguro 4A). 



bindbia comptwt* apacifcally supmniMtmA by «rt»OW»' «^ 

body n tn Iv» 2. . 
S« n«*or«. cReeift and CREBie pwiw are 

irtd the ermoln to cytcplwink;. CVt^^ 

(pa4aacilm»lrtm>lP«e<a naiMon»w^ 

" Tiw ptEJtkiitt Of CJ«ti»Pto»n^e"» indicate 
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We rwrt iofecip* into the serwofy ne^^ 
oClBonucUwIkie (fra l/IO compter 
qtjefiea sunoiifwimg tha first out^vd iniiiiiliei* co^oft* 
The A» i/ll I^^it2ttttd lon^-temi facUiMlon when iwctod 
4 \^ prior to fN« piiUm of 6-HT (21.99% ± 
n t> 11). By contrast ce** irjocted wfth a acramtited 
oligomM&otkle (As SCl/U) paired with ti^ 
undsfwent tn* same incraaae in synoptic strength 
^jSd<)^ 14.53%. n - 6) evkiefit In nonii^ected ceOs 
(10a.W% mi0%. n = 10). Shbrt-tonn facilitation, 
induct t>y a wngle pulae of S-HT, was not affect by 
inaction of Ab l/il or Aa SCVii and was coinp amhte 
to s50ft-temt fadlitaUon in unii^ecled control nourona. 
Oflgomfd^otkle injection dJd not affect b»wJ synaptic 
trwumlasion (data not shown). 
* To invesli^te furttier the specie rote of a w 
long-tavm tacUitatlon, we ir^ected an antlsenae ottgonu- 
- deoWe (AoM that ^lecifieauy target* aoquoncBS cor- 
f«sponding to axon W in Cfl£BTa mRNA and thorcfwe 
intarl^ms selectivttly %vith CI^EBla expreasiOh. faction 
of Aa JV tnniWteil lonshtorm facilitatton When 
4. or6 hr t>efdni five pulw» of 5-hT (3Mi % = 1 7.72%. 
n^^% S 1 1.88%, n - ft 17.70% % 8-53%.n = 

12)- In conttaat coUa injccteo with Gcramtklad oUgonii-- 
G leotide tAft 5CIV) 4 hr tselore twe puiaes of 5-Kr 3ho»imd 
an incraaae m synaptic strength cofn^arabte to that of 
nontniacted oelte (f=iure 4P). Short-tann facft i tntto n was 
ocmipiMbia in As i>r-irtjectati, As 3CtV-4rnttotod, and 
unlr^ected neurons (Rgure 4CV 

RnaOy. wo iniacted an antieanse oUgonu^aotida (Aa 
tV/V)ttwit3pedtflcaUyta*getaCneBta mRNA and hrter- 
feres with tM expression of CREBIa by Isinding to the 



TO trw riMJWi (*WO«it^ 0hW0» S SEM in . 

of S4fri*) Of 34 rrrft»fl«pU« Off S-HT ; 

(B). **, D < Osi^n c*w ied with nanti4*Gtad ■ 
naurona fiipoMd ta tiw outaoA of fr^. 

(QwdOf|lnjiPOtlonafA»iy»iiA»W/V«iti- ; 

sans* oUgiBiutMOtldaa tarsadng GfmB^t». \ 

rhRlwaoei not affect rfiwt^onn fM i nHitf fln I 

hincfca iftfuy^Mm ^ciitaMei>- flfph ; 

reerwMitsttwttnMorNKttonoroNAoi^ i 

ponucitwthifrt on shotMann (D) And lnfi»' j 

tunn (P) faciBW»on. T>» hoig ht of w h ! 

bar cQtTospo^Ktt the rreen pweantBga ; 

Mith naitiniKM MuiM 0KP99C>1 to i 
pubMofS-HT. 



^ »£Cween erions IV and V. b^iection Of Aa IW/V I 
«ri setecttveJy btockwl tortg^mrn 
40)- In comrasi, uttoctkm of neithar Aa IVTV nor the 
oorambM As SCIV/^ qjteonucIeotWe effected short- 

tenn facftttatiofi (Figure ^ 

ThMtfixporintertw Indicate mat CRCBI proteins, and 

spedfvcaily CREBia, are necessary fdrthe tndu^ion Of 

long^tami faeUltation. 

CRSia ta Umltlhg for Long-Term Fecaftotlon 
ToiiwofitlgatBfiiftharthciK^ofCR^Birithaiiiduction 

of loiia-femi laciUtatioru we puii fted re combinant wlW- 
type CREBIaand mutant SSfiACPrai a protetn^ 
fi, cotf and exposadtncfii to PKA in i^troptlorto ii^eetin^ 
thaw into sensory neurona. Wethen examined ttie anecti 
of b^cting pho^ihoiyisted or unphoaptwrytated ^^al 
tfi basal synaptic traittmwaion, strort^tenr^ and long-j 

cermtaetUtaiion(RgiifeS), 

Ingection of nscombirram Of^l »• arthcr phoaphory- 
Ittted orunphoaphorylatEd, had no effad on basal cyfV| 

sptic trensmtssten, short-term tacUWatkm, arlong-tsmi 
tacartatkxi. These results irtcBcatetfratlong-^^ 
tlon produced by five putaes of 5-KT is satutatad a| 
24 hr. To determine wheibar CREBIa could leaoiio thfl 
tnhtt»tton of long-term facWtation caused by nnwtlon of 
antisense oligonuoEeotidaiargetind the CAEBIa mRNA 
we cotrnected the As IV/V oHg^ttiideotida together witft 
a»i a protein and«ppaed fft/a putaes «f S-HT. CB»t s 
n*oetlon rescues tf» lond^tertn faoaitailc^ 
antteeow targeting CBEBia arid in^Mias tte^ 
Piooic was osused tiysdepteHen of CREP^a ai 
neuronsL In contrast, king-tami fiscUhation induced b! 
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PhWJhiiryWbdCREBl«l*3u«o«it*orth»biduo^ 
hilO ««ft>aiy n»«rt>«L Ci^liiiWI M« ^ 

CREBI^i (S86A) btouM WP-tOTttadHWrtnn iAdUCwl by tiv# putoM 
uten rbducod by CR£Bla kqactton hb» aMorv nMiion» In tf>a 
TW» to^-tOT» IWrt«ten was aboWi^ bsfte*«^ 



fhm pulsdfi Of 5-HT wa6 satocANrely blocked by tm^^ 
ot « dcmin&fit-naiptive nuitsnt 86SA CRSta. 

To datennlii& wftdtriof CREB1 a ia ftfi^ttRQ for the eo^ 
verskin €jf shon- to toriB-temi laonBtorK w» next eo^^ 
(fted th» effect of iniactirtsi Cft£BiB f»atrao with onfy a 
dbiflle p«t« of 5-HT, which normafly piixtucea ahort^ 
tann factBtation only lasting minutBS. Whan injected 1 
hrbofOroOfUl PilWOt 5-HT, both tnaonpfiofipriotvl^ 
and phosphorytated CREBl a Induced long-tarm fadUta- 
tion that watt at loa*t 50% of thi»t noiinaoy wqpfecsao 
■IterfKm pulses of5-HT,th42S Indicating th^thoCREBl 2k 

« BmitJng in the initiation of the IctiQ-terfn pitx»s 9=*9- 
urefiA). 

PhoaphotylatKJ CREBIa la SCifRctent 
for Long-Tom Ai^}iadon 

To a^ whether CHram la auffc^eni to induce Jong- 
lemi facaitation by itaolf . wHhoOt ^^poslng the neunma 
to 54iT, we injected PKA-phwhuiylflJed CREBl a ^ 
fvMind that ft induced signMcant long-tenn facilftatxon 
even without 6-HTa«poeui» (Figure $A). This induction 
of tong-temiteeUitation by phoaphorylated CREBl awas 
aboltehed by application of etttier the RNA aynthaas 
inhiOttoractinomycin D ortkw protein syntheaie Inhitaitor 
oitisomyotn (Pfguno SQ. To oetarrndtt whether phosr 
phoryiation of $8$ was ii^qvifed for the induction of iong- 

tann fbdUtation, we tr^ected unpAwaphorylaled CR^BI a 
and found that induced alxwt 30% of teng^erin faciU- 
tadort induced by phoephorytated CR^a. SInca the 
inlatfm of the duninai iHMH ^Mw e ffluant S85A C«gBla 
prwtucad a dapm^on at 24 hr, efrnBar to that seen ^ 
imbijected ceoa, we tMnk tMt the tel^w) pn»duced 
1^ the injection of unphcksphoiylaied CREBIa ia IBcdy 
tha resott of aubeequant intisooUuiar phottpftorylatto 
of Cl«ila second moaae*^ pathway* induced by 

the micreelectrDda penatratkm and Ca*^ influx- 

Rgura SC showa the time counte of tfte synaptic 
changee following Cf^EBI a Injacticm. Long-term facilita- 
tion induced by phoephorylaiod CAEBIa occurfod in 
the absence of short-tann fuilitation and was detect- 
able only afts an Inttal lag period of hr, Alter dtat 
lag pcdod« the f^eUUaiion grafikfaSy increased during the 
fbllowtng lBr-20 hr. The long-term inoraase in synaptic 
abeogih produced by the frfwephoiytated CR£B1awaa 
3ignfitontfy larger than that indycad by the unphoa- 
phorytated protein and requirad new protein and RNA 
aynme&a. The fln^ that the injection Of phoephoiy- 
latad CREBIa did not induce short^ann facifil^Qn but 
wee able to induce iong*term fecmtation tndteatee thai 
Cnmia is tha first, or at least an oarty, component fri 
ifie cascade of gene expression responsible for long* 
torn faciUtatiDn. Thus, the rriolecutar evems that initial 

l on y- to nn faciUtBlion moat UKoly begin with the pho»- 
phoiyiation dCBEHIa on S85 by WCA Of by someothcr 

kinase. Consistant with this idea, ii^ection of the mu- 
tated CRB01 a sasA not only failad to induca, but com- 
pletely blocked the iong-temn faciUlotlon (Figure 5^ 

CBEBIa and CREBic Are Fhoaphorylated 
In Vivo aieer exposure to S4fr 
in 4piyws neufona in vivo, both CRffil a and CREBI c 
are phosphorylatad in tho basal $caiie» and eKPoauie of 
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uttact Aplysisi to 5-HT inmiDes fcirther phcaphoryteUon 
{TiQum ^. Ci^i a pho^Jtoyiaiion m f«ttpons9 to s-hT 
a^posuro has tyw pbaoo*^ f=irt* tnere is a tiMiem phoa- 
pfiorybtfton^trtat tiB^rtS 10 min crftor <*po6iirB to S-HT, 
peaks 4 20 min, and HBtiOTiH «o baadlno by 40 mrn. 
Tto traSacm phosphorylation le not aooompanted by 
an incr«as^in tho concentration of the a prmm 

after 1 hr and iMSfeasee for the next 12 K «v«n after 
tt^ S-HT axpoeuiB w» tomnneiecl Ourina thia second 

phue, the incbstee in CREBIa phosphcrytamnm ec- 
QornpeAied an tncrcseo in the conc entrgtion of 
CtflEBI a proteia Thi» inoeaee in CREB1 a concentration 
perabta for at 12 hr alter terminating the eitposuie 
to 5-HT (Rguip 6B) and ia aesocfflted wrtfi an Increaae 
in the ateedy^-state level of CREST mRNA (Rguie^, 
i,idlcafir^thal1he3CComiphafieo1CREBlapho3phonr- 

fcaUon » Ukoiy to involve tranecrtptional and posttrsn- 
scriptional moditicafone of the expfoaaion ot CREBia. 
in contrast the conocntradion of CREBl e «n neuions did 
not elgnmcamly change during a 12 nr incutiation Jn th^ 
preaenco of cHher the RF4A xyntheete inhibitor actinomy- 
on D orthe protein ayrttheaia inhibitor snicomy^n (Pg- 

"'cRBatc protewi is phosphorytotod 40 min acftar &-HT 
^TOOsure in vivo, and thie phoephofylaiion persats 8 hr 

~ J , ^ *- -i — - k »^ « SST* 

5i«tant incfaaae in CREBIc pho3phOfy«a*ion Is not 
seeorr^anled by trta fncrease In CREBIc protean con* 
owittation. TIma, CRBBIa and CRffilc protein exprea* 
-don and ^ft^Mrytadon are diWieen d a P y wgute ted w 
Apiymiq n&imns by tranacripttora) end posttianecnp- 
tidnali 




CR^Tb la e Repreeeor ot CREBIa 
and Of Long-Term fecOltatton 
^Uthough the teng-term tacflilatkin Induced by wyecting 
phosphorytated rocfimbinanl CREBIa ^eaa significant 
•ita ampHtdrifi wae S0% of that produced by five puhses 

of 5-rtT, 7W* suggests that addttionol fhotecular events 
,ni3y be towcTved to! tr» transcriptionel ewrtch fivn Short- 
to long-term fiuatitalion. Since CREBIb and CF^Ic, 
which are encoded by the CHfiBf p mRNA, might ateo 
be coinponentB of tto switch, we tiied tn famine the 
fotoa of CREBI b and CREB1 c proteins in sensory neu- 
rons during bo» short- and Umg-temi tacilitattorj. 

As indicated above, CBEBtb is a nuclear pnrtoln that 
hasa leucine aappcr arid DNA^)lridinB doinai^ 
the activatfon tfomam of CREBIa. To examine ther^ 
of CRffll h in sensory neurons, we first injected reooin- 
pteiant CREBID prCFtein into eoneory neurons and found 
that U Bignif^eantly reduced long-term faciUtetlon in- 
duced by l*ve pulses of 5-HT as oompared to «jntrOl 
naurons expoeod to five pulses of 5-KT arwl Ir^acted 
with buffer solutton (Figures 7B and 7C). CRffll b ir^- 
tfcsrt did not affect shisrt'tefin facaitatton or basal synap- 
tic transhitoion (Rgura 

W«next insected an antiaense oiioomicleotide (As Ul/ 
V) th^ spedTicBUy targets the houndarlea between ex- 
onaUlf^VinCACBf^ mRMA and thefetors inteiferM 

to tho ihJectlcOT of As IVAT. whiiA apecificaily targele the 



to tt B to 5*tr 
ocnaift ^ ^ w ^ ^ 



B ^ 



12 3f4 



Cf»U 
Ab163 



»^ Id a& 4a 0 80 i 1 i 12 M 

pCREflle ^ ?:-''-*^W ^-v^ 




1 4 a IS 2*^Thi 



Jopdio CKpoEUie to S-KT in Vlwo 

>y>^ owoaed to SO iJ4 in vlw ter trw "CBcafctd 

(A and C) or fw upcMd w» an tJJi 64fr in vivo tor i »ir «iri 

ttw, (ncuttstsd *n freah B«««tBr ibr the 

fwt^ teaiatwa ftom Ap»wi CNg tM»> 

PACffi, •toctmbUrtiDd, and pw««d ^ ^'^''^S^t!?!!?? 

dUaei (39B) «filib«fi« wid Bnb^* DOK CROT (153) antK 



(A»eB) Briar w>o»«B>tD5-MT hi vtiioinduCCaCRE^^ 

iHtton In Apfysia netimns; 60 mtn long «apo»ur» to *^7L_^!!^!f** ' 
bO»CREB1ephO*^iorylilkmandCREaiarTOmeon^ ; 

CH^a fihaspliorytatton and c*pfaesion lncra«t« «r»d pefiW* : 
tCw*dD)eUM*u»te6-rtTlnvwOinduCtsCR^ I 
CAESIc phOSC^ryfiMI ■nd •otprwioo partbtt fl hr *!» : 



(Q InAiclwrJ or CRCma pmtetn 

bKiMie W CRCei mRNA cancontrStlOfi. «fiA WW *«»*«*»d1^ j 

al>*pjywi v»PO*«l to vlw «» in (AJ «^ 

mPMA oiq»rwoA wa» flmt datarwUnod in ("tonharn blCta jwm ; 
CflBWa isO^ wd thon roprelsoa wkb S4 cONA to 
ins CBtttacil oialn 1 EwilUfe to 5-Krinaw*« 

mRMAeoncomndtofurtharbicrwQedi hrafter S4fr «powreiand| 

pmctadfOf lahr. . . ^ .: 

(R craBi» pfiit»« i» #i«ato for la hr »r» sBmonr 
Waiwmctriorf^aifiaw^aA^^ 

a^iB^w incutated with 50 M^e/mi ol J c Mm wify tw i p t»^^ i 
l«.in(A)»ndpidhad»0rtmaiiti^bc»CR^{l53|| 
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0^ «nd fl} CRSilb WCtkw tlow» rot ««ooi 
liukrVtenn fuiiiMan (A) but clocks long- 
(^iSu&M (fi!). Tt» haicffiC ol OODh IMT oof- 

SPM in ^SP MDimvla tBSttd 10 itnti After 
OF» pu*»» tfl 3-Hr «J or 24 nr ^nar <hw PMtoftS 
of d-KT (B). p < OOS GQftttfami to non'n- 

ikn poms tn niMrttn» N^ctsd «mK GASB1t»- 

al «ff t -tom facfflttfkm thducad by « Bingle 
pukH of 5-KTr Thft rt*giKi of Men btf oorro* 
spofldB to ttl« otmi pcrcMitBoa Changs = 
9^iin Bm^>*>tud»t6«ed 19 mm aftof 
<M ptriflA csf 5-HT. p < aos como«i«l to 
bom nonmjriotwi acnAory neurons and rMM* 
RHK ti^ociBd with scracnbted oOgonuoteotid* 

ffljcf ^^i^ A3 dl/V tma Mftsery nMimra 
pored wim ■ sin^t* piil»» of ^HT IndviCOB 
lanQ40irm teBittftion. Th» ^«t9^* o^ <^ 



CfmSIa mRNA, tho snfKtion of Aa IttAT dW not mWWt 
loniKtmn teci«atton when pairod w»i five putaos of 
In tHfil, the li*Witon €if A6 MUV to^ad 

cidlor kMTfi-temi ttdWalk^ 
a aiwto putea of S4IT pioduced only a 
term ^taHtafion in lunti^octod cMSa at m cefls injected 
with c^Mmblod diflomiclwrtlcUt (As SCilUV)* a amgla 
puto eif s-KT produced fufl toiig-tBTm facUrtatto^ 
imacted with As «UV (F»3«re 7E). "Rtefia d^lidlcate 
ttut bicistronio CffEBf p mRNA encodes a CR€B1 b pro- 
tain th« is a repr«Mor of cRSBla-modiaied tianscnp- 
ticvi and torm-tarm iodUtation, 

CI*€Btc 1^ a C^liHriaannc ModulatDf far Both 
Shon-Tarm flind Umg^Tenn FactWattoa 
In the cmirsd of ^udyUio the function of CAEBth. we 
made the suf^WifW that the expression of 

ORSt^ mRNA not orrty modulates lottg^aim teciTitap 
don bid alao <ian modrty ehort-temi facttltation. 

Wa Ifest found tWa mudlMation In the courav of *n- 
iectm the antbanse ottflonucjeoildo (As IIIAO that «^ 
m^tho CrtfiBt? mRNA. What tte iniecden was to!* 
loiNwcf dy one pulaa of 5-HT, ?l almost doubled the 
amplituda of tha ahort-tefm fadUtation as compajad to 
the efiect of asinfllepulaa of S-HTin control noninlac^^ 

ncuiwwerinnaurormtf^ectodwithscram^ 
oliaonucteotide (Rflure 7DV How coutd thw aittiaenae 
ousonudootlde, diluted aaainat GREBT » mRNA, affect 
ttvo«k\oit.tann procasft? BlocWng the tranabdion of one 
readKifl fiaine in WMtoonte mJWAa often ^ 
tigiraiatlon ol the other one (KoiaklSBea). We th« 
wondefod whether, ndhor than fiimpiy reducSng the 
wwlaKen of the'CRfflib piotwin, the Ae UIA/ rfiwu^ 
d^etide oouki alfifi enhance ttte translation of CHEBIc 



fi^ the bictatponie CAEBfp mWA. Since our antibod- 
ies do not aUow us to mawure the effects on CRBBIc 
wpmsion of antisonse (njactkirte by imnriunochei^^ 
w«eBB8inpifidtoaddfe5e*ia«3uebyaHectlna1hepun- 
fMd reeombinanit CRSBte pffotialn irito tfie $«ft8ory iMU- 
rone and moroloring both short- and long-term faclB- 
tatiOfL 

To deteffmina whether CHEB1 c anhancaa ahert-teiTn 
f^ttationp we ir^ected recombinant CRSI0 peptide, 
«ither phoaphorytetBd by PKAon Sas or i^phoaphory- 
tatfidy into sensory naurona. The ffijectlon of phoaphory*- 
hi nK^ or unphoapheryiaiBd dFtfi^ic had no effact on 
basal aynapbc trwwrtitoion or on short- or tong-^terrn 
fac^ntatiOT (data not showmV By contract, irqectton of 
unphosphofytetad CREBIc followad by a oinole pulse 
of 5-HT doubled tna nonnal amplhude of ehort-^emi 
fsi^totton avidont at 10 mJn aa compared to CTintro i. 
buffer^intecfed neurons (Rflia^eeA). In further csntraxt to 
conuol cefla, the injection of unpno^Jhoiytetod CREB1 c 
polred Willi one pulse of 5-KT also long-term 
facilitation at 24 Iw (Rguie AH). Thus, in response to a 
nngjapulaeof MTT, the unphoaof*a»ylated CraBlccan 
fawUtato both the short- and the long-term process. By 
conbast. the injection of the phospherytated CREBIc 
followed by a sinfike pulse of 5-HT had no effect on 
«ithar shoit-Temi or long-temi facilihrtton (Figuras 6A 

and 9m* _ 

AlthMigh CRrata is eomiear with CREBIC up to FW7, 
injeetmn qt the crcSBla pfoteei into the cytoplasm of 
aonaory naurws had no effect on ohort^term taciiitelton- 
Thia diftefence in actiwily between CREB1 c and CREBla 
may be due to the absence of the C-temiinal OKA bind- 
irtg and dtm0taa»on domain in CPEBt c to diffeiencea 
in the aubcailular locatoattton of the bee pmieins. or to 
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only In C«E31c* 

CREBIs «nd CREBIc Ad Coordinatoly to R«9iJlxt» 
tti6 IVaiwtion from to 

Thu inlflclion of phospnoryiaiod CREBla wrfttwut 5-KT 

axpo^m inducBft long-urm tacttit&tjon without Induc- 

iMtfSsltort-tWTfi- SUk» the irij^^ 

with a single 0Uls* of 5-HT is dUfficiern to anhm 

tann liicaifiitton and Induce lon^-tentt fai^itauon, wo 

askad whother tho long^rn taatitaAon induced by 

CnEBi C mquim DMA b'mdlng adMty of CHEBIa. Wo 



P^ima. cfteaic Protain Moctitain Both 
Shodp a/Kl Liv^Ttfm FarilHrinn, and itu 
Inducaororf uwT^TO PwJitBrtfln by <SR»c 
Pmtekt P^rad wiO) Ona Pltf«a of 5-KT 
quBM the one Qtndma AeMcy of CRESta 
(AandS)tiiiaGlianof«ith«rURP*Kn««»ytBtHl 
CRCeic or CftNeKW «MtwnW&ltBiy p«c^ 
nitattor tfihancMfe Mrt-twm ffeciBtBtion and 
InAica* tong-tBim figfltfitinn when oaUcd 
wftfi on» *rf htw utot 
bv BomSpORite to tno mawi patvant^V 
«)vivi0» 3 dBA n EPSP ampfihide teOnv^ 
ii^eedon cf moinbinam unp hogD> win^<fd 
Cfie&ic (Cf^Btc^ mutant ciBic sssA 
(CWBBlo 6W^ »id pnoMwnrfatitf o^ic 
(pCi^l (4 <v CaluuCU auiatnhihitonf peptide 
OCaMKtD testad ID imn W or 24 nr ^ ainar 
4 atngiB ptuae or *« p < ccMi^Mf^d 
to iwn*n»c» 0^ P»wp»w*a™o CRmi c 
jaoted neumra aspoaKj to Oiw pulae of frKT 
^\p<{LOS;^.p<Oin eampartdtnthtt 
cA MtMl w«» ^ Pute» ^ e-HT (0)- 
(tg tnjaction of ORE Ottsonaciao^lde into «an- 
aary'nsuiwt9 cooiiaoBad wim CREdt c prrteiii 
did not «ffe*t Ihe «h«*ami tscUtaaian In- 
cfMM induoad lijf C Hkttlc only- Oar gmna 
npiMMt tfie tfffKt of CREB1 c and CRE i«w 

(eedDfi an fnorMami taciObdion- Tha ha^M 
gfaaphbayodnamnn rlntn tnaiaMipgcant- 
agictaftge^ SEMtnEPSPamp<tt ui»»ta »<ed 
10 min aHar ona pms^ er $4tT treidnimit. 
p <. cuoS cmrpvuu ^^^^ ^ 

ealk tnj-c^ WHh Cae only and anpoaad t0 

nna pi^a0 of ^HT- 

0)|CREtn}actionl>i>aciiBthaton94Hintacnll- i 
tnti— oBMd by CREBiG intecdon pifn»l i 
tdmnna pute OfS-MT- Baruijuli maaAOM ; 
thttdfUetof CREai4CHBlola}(BiiaD0n c 
lonrtenn ttaiflt^ion. The hatg Ht o< j 
bar ujiiXPnwdB to oia moan l>an rnAHj^ \ 
ehan^ = Sai in B=>8P araplttuoa tMan 2a i 
IraftaronopulBOOf ^HTire9*«ieiit*-.p<: | 
c»mpaf«itDnonln)actBdcoiK^aa|^| 
jeoted wim C*IC» or caOa coinjectad witn I 
CACBIc and CUE. 

(E) Tima eoursa of taciltttflon fofio^^rtng vii^ 
tton Mo soffionr naunma of unpftoaprtitf^ 
tatDd BR£B1o pmxain fbHowad by on* putea 
0ffrKT.BttnWmop0wni l4' fti uai ttS<hoB»5P 
MY^pomda cmngea £ S6M. For eaoH wvoj 
pOtni# Iha B»5P amplitude (msiBaae am »»- 1 
nmcwOyriiqftCflaoatolf lKtad i^it tiCftESte i 
Bndtiaatod mthona putso of S4rrcafrifiafadj 
to unlr^edod coBa oposad ona pulaa ol 
»^MT. p < ouoe? p < ool - 



therofore colnjoctod ttto CREBIc protom and the CH^ 
oUgonudcoddo and paired the injection wrth one Dulo^ 
of 5-HT. This coii\|ot*t3i ted to a ^idruflcam enhan»i 
mont of shoiMomi facilrtation but did not induos kjna^ 
tenn fadltaittiin 0=^jt>r» 8C and BD^ Thui^ 
of lOTO-wn, tuit not tne onhancecnent oT aho'^^onil 
f^cmtation by GREB1 o paired uflth a singlo putoa of 
requlrvmCREBI a DNA binding activity. This oxperimad 
supports tho idrathat CREBic moduteto* the ac tion oj 
COTBla but te not auWcioni to indiJC5e long-trtim ^Jfna^ 
tic chvia» As a ooroUsry, th«B« ^ndbiga indite thad 
CREBic and CREDIa act coordinotohf to tnrtjatn ™ 
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Ttw tnduction o* Bo|^ Short- and Lona-Twn 
FacUtatlon by Oepho^Hiofyatad CflEBlc 
Appears to Par^ tntobWon of 
Oalotum/CitfinoduRffi-i^Uiti^^ CaMKIl 
AlthcugiJ PKA and PKC phdfipnorytato xtoiOt Cf^BIc 
and cnEBIa on S85, CREBic uniite CfflEBla. »s not 
phoiptHinrtetf»<»onSMbyCaMWIinvrtraWe^ 
botH trto depNiewJhOfyteted wfld-type and tha mutatad 
SaSACrtEBtcinhiJACaMKUaclriitym ± 
3.6% and 42.7% ± 5^ tnhttritton by CREBic and 
CREB1cS85Ajb6Cqmp8rodto5«,3% ± 6.8% inhibition 
by CaMKIl autoMrihtery poptkte, both fiS 
lft,0% r 3.1%^ 4.a% Oy CREBIC and 

GR£B1 G aeSA comparod to 26.6^ 2; 4-0% inhtMton 
by CaMKIl autoinhttMlory pw^rfe, both oi a jlM)- tiw 
recombinant CReBit phosphorylated by PKA in vttfo 
innHto purifted CoMIQI aioniflcantly less (4.1% ± 2^ 
at 40 uAfc 2.8% ± Jrt 8 tUWI). i^no^ 
Qhorylatad rocorfibinant wild-type CREBl c and mutated 
CRES1 c M5A inhJWtCaMKM activity in neuroral 
oxrractj (66^% ^ 2.4% Inhibition by CRffltc and 
69.5% r 4.2% inhteition byCREBIc S85A, both 40 |lM). 
7h« PKA-pho«phorvlBtod CR£B1c inhibha CaMKIl ac- 
tivity *n >W»a neuronal <Ktracta sigmficanliy teas 
te2.i% ± 6W inh!bWonat40tU^ Neithof unpho^or- 
ytatad nor PKApphoaphoryiated ^^nEa 1 ^ ^\^X^^ 
or FKC BCtlwfty in vitro or tn Apl^ nauronai ejrtracta- 
To whoihar tho C*^1c could interfere with eal- 
fnoduPn activation of C^i^KIl in AfS^ neuronajjjjw 
cc„„p^ Iho p»«y=iiologlcal •Jj^^^J^^ 
to that c*iiqec«ng this »itnlnluT*^ 
Ah with the injection of un«*we|>horyta^ 
GREB^c mutant, bat not «» PKA^phoaphonWrt 

ir«ee«w dfthaautoinhitJitw 
into tha ApS^ aenaoiy naufona fallowed by ona putse 
of s-HT incraaaed ahorfc-tam facititatlon and induced 
lono^tefm fadmation (Rgurea «A and SB) ^ cam^ 
to uninjectadiwila. Thua, tha unphocphorylatad CfiEBi c 
pwanida tto ca»moduUn-Wndinfl CaMKll inhihitary pap- 
tide in Wockafe CaMKU activity in vitro and uswertne 
thmshold for Cith lonsh and ahort-tann facOitalion m 
ae^iy neurons. Phoaphoryiation of CRfflIc by PKA 
abolishes both of ihase effects. 



Dtaeuasion 

Therena incfoaainQ evtdance that the tranacriptional ac- 
ih«ior CREB Is in«»fiairtfof long-terniKynaptlc ptestte- 
itv and lons-tenn mamory twtwaiion in Apfy^ DfO- 
.Sphfto. and mice (Oash at al.. 1 990: Bourtchuladza m 
alriWI rm at aL, 1 W4, 1?Wb). How^wer. H haanot 
pravioualy been possible to damonatrate which specific 
CREB/Atn: Of CHCM iaofOfn» pastlopate In any of 
thcsoinatanoea (rfaynaptte plaaticHy and mamory^-; 
aoe. ^ have found that this problem may be aimplrfied 
« 4pV*» *»caii3e thora appear to bo finiy one membe 
ofthoCRra»CFffiM.andATF1 family of oenea: CflEBlc 
We havecharactcrtzed mespadfio Isoformsof CREB1 
that are eacproaaed In Apft«to atmeoiy neuiw ai^ 
nipujaied the c)^«SMon of thaee motomft indwi^w^ 
We tirtd that the cftEBt gone encodea in the eanaory 
rKmfOf« two afiamalively apfiCttS mRNAs, CIlESta and 



CREBf ^, thataie traiwlated into threodiffarerrt protelna, 
CREBIa, CREBIb, and CRHBic, that mediate a coortti- 
nated and temporally sequenced progianv In th*a pro- 
gram, CREBia seivas as an atiivator of the long-term 
process. CR£81 b as a rapreesor of itw long-term pro- 
cess, and CREBlc as a cytoplasmic regulator of both 
the shnit-tsmi and the CREma:medlated long-teon 
processes. 

CREBIa Aotivailon la Neceaaary ami Sufllclant 
for Lono-Term FaciCtation 

Recent studies in nxlant hippocampal neurona indfeatfl 
that CREB phosphoryiadon can bo induced by a wide 
range of ftw^uenoica of electrical atimuterion- Both tow 
rrequdnciea Inducing LTD wid h^h fiBquancia* mducinfl 
end mtamtadlata frequav^ea tha* have no physio- 
logical effect at ait Induce compaiablo CREB phosphor- 
ytetlon(Bitoet at. tSBS; Dttasewth etal, 199fi^, Our<fata 
piowido avWenca that the phoaphorytalton of CREB1 a IS 

both neeasaary aivi sufflciant for itio induction of I0h9- 
tenn faciitatlon in >4p^ neurorts and is KHaly a flfsl 
step in the trana^iptional switch from the short-tenn to 
the long-tenn process. CREBIa phospKoiytaltan in- 
cn^ases in Aplasia neurans following in vfwa exposure 
to S-KT, and tnteilfenng widi CREBia expression by 
inieciin«o.™U>a:^cr=ri^ie-^oiic^ 
trv^btockslong-tflrmfftQlitation. Injection of recotw*- 
rant phosphoiy^aCBd CREB1 a into sensory neurona pro- 
du^ about 50% gf the induced lona-to*"* fecilitation 
by fira piilStf of S4fr in the absanoe Of Fduowing 
in|*±iai of CRaia. a OTOlc pUiae el S-WT^ wWch nor- 

rnaBy Inducoa ahofl^emj fadma^ion, iri^^ 
fteSlstion oomparabla to thaUnduced by five inilsastf 
This expenmefit is the ceilbiaf coMntarpait of the 

bahaviorBl experiments by Vin and Ti^ in OrosophflO 
WW* showed that ovwwprerfoA of the CREB2a actii^ 
tor can lead to long-term memoiy tormattan when paired 
with a sinoie traininfl trial OTtn et aU i99Sa)* 

CREBia Expression tncreasaa foHowing 

Extanded S4rr Exposure 

PravtousatudicsfoeusedontheioloofCREBI 

m the initial switch to turn on long-tonn neuronal ptastlc- 

tty. Our data suggest that CREBia ia not only a key 
elemem In tnJtiatthg tt« switch but m»y also have e tote 
In tncmaintonartoe of long-term faomation- 

We found that upon expoeura to 5-KT in vivo Cy^Hi » 
is phosphorytaled In at fcwst two phases. The first phaae. 

whfeh occurs within 1 0-1 6 rroo altar expowJfe to S-KT, 
peaks at 20 min end returns to Isaset'aie within 40 mm. 
Thte increase in CR^a phoaphorytotle natSSS is rwrt 
accompanied by an increaae Jn ttie concantrs^iof tne 
CREBia protein and therefore moat ttkaly raOeota tt» 
eaquentlal acthratlon of S4fr receptor, adefiytyl cyctaae, 

however, if animalaareexposedto 5-HToorttlfiuousJr 
fori hr-aprtscedurothaigtvoarwetolong-tennoensitl- 
lation in the animal-asocofid phteoot CREBia phoo- 
phcrytotlon is induced, which now persists tor at teaat 
aahr-TWsphoapboryfalionfc^eiectaWaatl hrandis 
acoofiqmtied by an increase in the oortca ntr^tfi w 
a protein . Tliis suggests that CflEBI a escproaaton 
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vaUrtg the CRE rtgulatary swences m tfte Cft ffl? 
-*gen«. Eartteii atudae havo imficatad that mamnukan 

CREB mF^«xpr«s»w to <n<hic«l fottowktg pm*^^ 
.^xpo»ui«totr»antldafJfescam rolipram, a cAMPphctt- 
^l^odla^^ inhibitor, or loDoi^rina expoaurB to dmaa 

of abuUCNaiwiS* «t aL- isae: WiclneU et aJ^ im 

CHCBIb to « H0praaor SbnitBr to MamrneUsn 

l^andM^RK 

th» GHBBIb polypeptiCto intwMm$ mm m» <Mm^ 
tiv«ly si^oM CHEBI^ mRNA contains th* bZIP domain 

but bKiks th« N-t«manai activation domain and «h» P 
boat of CfSla. Tbfe CRCBIb pfotwn ceaamttw the 
nwimiafian K»1 -id l-CflEB rwro«oni fruotttf^ 
and<um:t»«iflyCMoilnao^ 
CQiwisientvwth ito«tniotui»,>VtiVs<a C« 
,nodirnc» or h«temd>fftai3 wWh CREBIa- 

to C»Eb and inhtoft CRai^modirtod tranaai^ 
ttor in F» caB», Hravwusly, wo clonod Ih© CH£K 9^ 

(B»t«^ et aU wtmrtt w ^tfiico^ 
CRbSi- CREB2 aloo ropioaaes CREfil -madialed tra^ 
acttvatidri *n PS cete and to a ropmoor of long-iann 
fac^^on. Thua. CREBIb and CREB2 may roprMtnt 
paialiJinhilMtoiV pathvrays tor rogulasing (^ITOIfr- 
nwdiwi Qw^^ rr* ^*'**" ii* iinh^ifl sonaory rtamofia. 

» 

CREBIc ISA Oyteplssmic Ragiilotor 

- Ono of t^otitort in^reoOng components of tho^pft^ 
CRCBI rogtittfory unit and the loast¥wllundMtaod» 

. l»tfiocyiDp|aamlci^iutetorCReWe^W»l 
plaaniio oiotak* i-itti no <fl»ct tn»^^ 
lacfsbio DNA4)Min0 domaia ttto dimar^^ 
and tno rajctear locaUwiron :$ignal oiM 

tntactMnoy wH^i ^ U if mm CTEBIoiriBnlfk^ 
bothlong'^tenn and shoft-4ami facfltotlon, CRfiffl« 
0009 not tnduce long-temi facilitaiksn by ita^, tMd fo- 
mfliiothopftfinB^mhafi^ pu^ 

. tAKlinfl acthrfty of CR^a te nocoaaary for CRra^ 
\ pM,^M»A t*M.!tgm farilMation, Thia tanthWtn toiwatton 
can bo btockod by tha CRE oPgenuideotMo, wW^ 
CREBIc do«s not inieerBct d'rroetly. tttua indic atinft that 
CREeicmd4M»a tong-tomifaclWation through CREB1 a- 
OiM'da&aaoaugOBgtcfi ff wai itiJ odoractionofC^Bla 

and CREBIc with calmodulin and CaMKV- Th o <^*pnq 
that gawfatoa CREB1 c rno^»» its P hOJ6 33 conuMfod 

to CHl^a. tt ramovos the SW, twrnotogow to S142 
in rtoramallan CREm - PhoaphoryJ^oo ta^ 
81«^ i» CaMKfl ta inWbHofy to CRCB traw^aton 
nMdlftod by PKA or CaMKIV CSun at al. O d04). CREBI c 
19 ptesphorylatod by, PKA and PKC, but atthouBji ttic 
consanaus phosphorylation aito for Co» ^ at m tn 
CREB1 c remahw imaci, it M not readily phoapliorytated 
by Ortwoi tot vitoo. In fact create imiiDiisCaMm 
Ity in vilro,AtthoMght>w injection o f CFCT 

- both long^tami and shoit^emi factGlBliOA in psaM to 
tho iitiecitoR ot CaMKH autoinhibiiKory peptide, furthar 
ovidaiico (a riaoKsaiy to dotomnno wtMthertfia^^ap 
tofyofiactof CffiBIc ia mediatadthioughitaintafaotion 

wtm the c^fiKxtuOn/CMUiiai potriiff^ 

How t» the CREBIc ragutaoad? Upon eipaaum to 
54fT, CRERi o J* J^waphofylated In vivo but wtth a<owar 



IdnolicatnanCREBla-Sincothlsphosphocy^ntuma \ 
offthofacaita8Dryao6oitBofCREBic»tftt;«mphon^ [ 
ttonof CREWcmay seivoag atermS ng tionwgnaJ that \ 
servwtoincroosothcttifoaholdlbraubao^uantMfftals I 
onoaanaciionofS-HThasbaaninmatod.'ntuatCmto 
a««Mirs to bo a rnodulator of MO^ and <OTi™ 
atao wnscnptkHV not by acting on 1t» tranocftptional 
i ftsaif , but ramar fay mafifying tti* tfw cyti»> ; 



AmiooQh tho cytoplaanttc tocalton of a CR» c larfom 

lS8UfTgi3itKkft'»bynomeBn»unlquate4p»^ 
maUwi CREBWandsornofomisof CRmaaioaifnlMy j 
cytoplasmic (Wi«baf « 1W; rtemMnaone* ad^ ! 
idafil The lolo of tho cytoplafimio CREBi aoftmwa in ; 
mammals and l3W»ophto rornalna to bo oiuodatod^ 
our dsta and ttw consanration of ttiia spUcina pastom ; 
among species auQsast thst they ara UlceCy to ploy ai 
nxle m CREBI-meSate^^Qcno leBUJabon as well as in; 
ayraptte plaatioty. 



cUe afltds iMra pMfWfMd a£S0r«alty Hii 

LM^ laaac Austitsei at aA^ 1903; Mtsch I 



ctofllnaii 



aaKtohiocfCwe9TcOfitew»dof»byi<5Ru«^^ 

vl^KmiNyn^lltaWtiatiiinGodQ^ 

ifiio owi ffffiarrl try rf"* .^^-i— -sfc^w—nrtmi tttfonB 

pftaHlwy>oow^^ 

S^J^S^'^J^W^ ana tFTOW* ttt^^ 
d«jabaO pnp««iy (P»tM*i M fll, 



Cnraio xnd cnEBIb oar With fiMoniihi«l8H»»tao»«w»MH 
6tol>«i tart perao ixto p«c*WV and twroteiri into 

M1»<M^»caI«^otfy<P*BCO»ya^1r^«^r^^w 

1^ qwuftm « aU laa^ itia uw'iw*™ i 

only P«sy«Z g(»^ dW-noi jiww «rw r--^-^ 



BOtton mi ScMfilna 



Tl« iW*a CWS rfMU and 

Sto-^inWia>y oc**i« by hyU*^ 

(ggnafwaOy provldfld by a Ooodiiwi) at Tm^fltX TTw fc*^ 

^. — ■'-^ tay 9U0MipM] 



3tQ CACBf> mRMA] and 10 4 



c^OPCoGlumr*vTtomawwnio<th»iA>0C*ad«mita^ 
,4>.,*iK,>i. ^ 4ia UU (GCCTTCrartCATQTCAATrAC;, As 

CICI, and aS UtfV (GnTGOACATCTCTACfiAAia. T>» •a*™ 
Maiuu l u l» ju iii ii I ftrtWrf t C3g» «■ 

GAMOOenCOT), eS (WUlCAATBACAAACOCTAfifOCAA), « i 
EB (CnWTAOCSCrrTCTACATTTGTI. 
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Old ttteM Btait^ ^ ISO mM imtdBsto via diatiwt 



Ag4^ Cfti C^ittv* aid BtckoMriialBay 



PitfMlu^lkm o# 



on me NHfTA 



^pii rfwrfy #ia i—Ktm nwiWt HI 

imaiim«dy«By.^^ 

Oil «n. m^NcouWii t»«to^^ 
af»Mty pilfW an tn. f*«>.phop^^ 



TWO pWtoCOta ««9 U - n ; tlnnrt.,in»M 

po^ Id «w iiitatt gf 10 |Ja C^MTter S min fiM* «i20 mm telwvatt 




tn wMote so |lM 54fr and than wiitfcwd 
jiul imw trr^ mtr^ piiflaphofyWton. BHA and proWn p^f*"* 



c^MMi^Son at ia» X 9 *af 5 mm a« AX. » I 
EBifcflum ltfon*n» *tt<f*iw 



22!^*c-ha„gL»r^ 1 mMEDT^OM ^^^^^ 




^ tMlcsum oihflfwiM. IhB ^Oin OMCH MMor P"^^ 
PS^kmoOtm «20Sna 40 pJ^fl turn inJomaO 1 nr '»^* * ^ 

VWW to<»:^«t aniHJcn»cto (10 cr ac^^ 
ffiOitfito>a>««ddodtothOcMfcii*rtia«*™i hr bafano «!• S-KT 



««ali^ erf vaitoi» «*i 



taytniKtkmDf 




_ I of tho nwgwi**^ 1 

Tn«Soi*irtipttiB M marui«p« and ChuOciyi «^ 
dfl^to 0» tha fiO«l» 7N» 



AtbafmCi4.Ghiriidl.lC.Matt.lUandl(^^ 
bMiiinm»iMa^aaiVPBnor>c>i^foriho i^>»^ l <tn^ 
«nn tatilHdon in Aniy<»t. Cdi lon-tl^ 

Sniev and SoiW, K. 0998). Cwiwtt f^roiMote in I 
eiolf^iy YcMtc John Wttay and SMM, Inc.). 
BaibyvClU a«l Cha"> »*■ tl9<» Mi^ph n i nqift i I 

Oailay. CH- B»t«b. «nd KandaLER^afi^ 
lar dai aition lono^ann maim^y ^ 

e«tachr0.a*m*.l«L,Sfc«w*,P^»««iV»<^*^^ 



tolimo kiny^enn functaiBl ^Mssmich** cMiga. Oal ™ 
H»OL Oaiaaaroth. IC and Talan. aw, tlfiOfi>. a«D |dio5»^^ 



